The ability of selected manganese peroxidase (MnP) yeast strains, isolated from the mixed liquor of an activated sludge bioreactor treating melanoidins wastewater, was investigated in this work, aiming to examine the degradation potential of melanoidins, in the presence or absence of nutrients.
INTRODUCTION
Molasses is the primary by-product from cane-based sugar mills, commonly used as raw material in fermentation industries especially for ethanol and baker's yeast production, due to low cost and wide availability. However, its use is associated with the production of a high strength wastewater characterized by very high chemical oxygen demand (COD) content, high concentration of mineral salts and a dark brown to black color. The main color compounds are melanoidins, which are recalcitrant substances that exhibit poor biodegradability and a macromolecular, rather complex, structure. There are various studies regarding melanoidin structure, but in general melanoidins are considered to be non-linear polymers produced through non-enzymatic Maillard and polycondensation reactions (Chandra et al. ) .
Discharge of molasses wastewater in a water aquifer results in significant water quality deterioration, due to the high content of pollutants, reduction of sunlight and the associated photosynthetic activity, decreased dissolved oxygen concentration, alteration of pH, and alkalinity in water and soil. Numerous strategies have been presented for molasses wastewater treatment, anaerobic biological treatment representing the most often used process. However, even after anaerobic digestion, the treated effluent may have a high organic loading and a dark color, requiring additional treatment steps (Arimi et al. ) .
Aerobic processes are usually applied as post anaerobic treatment steps, based on pollutant degradation by the utilization of specific microorganisms, either as pure strains or as a bioconsortium, with air supply. During aerobic treatment, the ability of specific bacteria for the degradation of color compounds is enhanced by the presence of enzymes that are produced by these bacteria. Especially yeasts have been studied for their ability to remove dyes through biosorption and biodegradation mechanisms (Wu et al. ) . Debaryomyces polymorphus and Candida tropicalis yeasts produce manganese-dependent peroxidase able to decolorize six azo dyes and one anthraquinone dye by co-metabolism (Yang et al. ) . Among the 2,402 strains of yeast isolates from various sources, a strain identified as Issatchenkia orientalis showed the highest potential for decolorization of anaerobically treated molasses wastewater with melanoidin pigment; decolorization, COD and biological oxygen demand (BOD) removal rates reached up to 91, 80 and 77%, respectively, at 30 W C and pH 5.0 during a 7 day batch culture time (Tondee & Sirianutapiboon ; Tondee et al. ) . The yeast C. zeylanoides degraded a number of simple azo dyes with color removal rates ranging from 44 to 90% (Martins et al. ) . The Kluyveromyces marxianus IMB3 yeast decolorized Remazol Black-B dye with a maximum color removal capacity of about 98% at 37 W C and pH 3.0-5.5, attributed to biosorption of the dye on the yeast cells rather than to a metabolic reaction (Meehan ) .
The thermotolerant C. tropicalis decolorized complex melanoidin compounds at a wide range of temperature and pH conditions, in the presence of small amounts of carbon and nitrogen sources, within a short incubation period of 24 h. This strain could reduce environmental pollution problems due to molasses wastewater discharge by decolorizing melanoidin pigment under a cost-effective and eco-friendly process (Tiwari et al. ) . Removal of synthetic dyes from textile wastewater, corresponding to 100% color, 70% COD, and 76% BOD reduction rates, respectively, was achieved by immobilized C. tropicalis, through adsorption and degradation mechanisms at room temperature (Charumathi & Das ) . Furthermore, the decolorization and degradation of azo dyes was studied by growing cells of a new yeast strain of C. tropicalis, TL-F1, isolated from sea mud. Various azo dyes at concentrations as high as 20 mg/L were efficiently decolorized through aerobic degradation by this strain, providing a potentially useful organism for the treatment wastewater contaminated by azo dyes (Tan et al. ) .
However, isolated strains usually present several drawbacks, the most important being their low growth rate, especially in the presence of other competitors. Contamination of yeast culture strains is a common problem in wastewater treatment processes, representing a challenging option for the removal of color from real effluents, especially when large wastewater volumes have to be treated, and their sterilization is not feasible. The aim of this work was the isolation and growth of specific yeasts inherent in the mixed liquor of an activated sludge reactor treating molasses wastewater, the examination of their response towards high concentrations of melanoidins and the investigation of the effect of nutrients on their performance efficiency.
MATERIALS AND METHODS

Preparation of synthetic and real melanoidin solutions
The synthetic melanoidins (SMs) solution used in this study was prepared by refluxing an equimolar (1 M) solution of sucrose (Panreac Quimica SAU, Barcelona, Spain), aspartic acid (Panreac Quimica SAU, Barcelona, Spain) and 0.5 M sodium carbonate at 100 W C for 6 h (Kumar & Chandra ); real melanoidin samples were collected from the anaerobic digester effluent of the wastewater treatment system located in an industrial baker's yeast manufacturing plant. Four types of SM solutions were prepared: sucroseaspartic-acid (SAA) using sucrose, aspartic acid and sodium carbonate; sucrose-glutamic-acid (SGA) from sucrose, glutamic acid and sodium carbonate; glucoseaspartic-acid (GAA) from glucose, aspartic acid and sodium carbonate; and glucose-glutamic-acid (GGA) prepared by glucose, glutamic acid and sodium carbonate. Adjustment of the reaction mixture to pH 7.4 carried out by the addition of 1 N NaOH. SM solution had COD values ranging from 267,000 to 418,000 mg/L.
Isolation of the yeast consortium
Two types of culture media were used in this study: glucose peptone yeast extract medium (GPYM) broth consisting of 1% w/v glucose, 0.1% w/v peptone, 0.1% w/v K 2 HPO 4 and 0.05% w/v MgSO 4 and modified GPYM broth amended with SMs solution. Solid culture medium was prepared by the addition of 1.5% agar in GPYM broth. All the chemicals used in this study were of analytical grade.
Screening and isolation of yeasts capable of decolorizing melanoidins were carried out in samples collected from the mixed liquor of a laboratory-scale sequential batch reactor system treating a mixture of 10% v/v melanoidin wastewater in municipal sewage (Tsioptsias et al. ) . About 5.0 mL of the mixed liquor sample were transferred to 250 mL conical flasks, each one containing the different sterilized SM solutions (3,000 mg/L) in modified GPYM medium (95 mL) at pH 7.0 and 0.1% phenol red (w/v) (Sirianuntapiboon et al. a) . The flasks were incubated at 30 ± 2 W C in a rotary shaking incubator at 160 rpm for 7 days. As soon as decolorization was observed in samples, an aliquot (100 μL) was spread onto GPYM agar plates amended with SMs solution (3,000 mg/L) and incubated at 30 ± 2 W C for 48 h.
The morphologically different colonies grown on the plates were further purified onto GPYM agar amended with SMs (3,000 mg/L). The purity of each yeast culture was examined under an optical microscope (LSM700 Zeiss). For short-term storage periods, these strains were maintained on GPYM agar at 4 W C, while long-term storage took place in GPYM broth glycerol stocks and kept at À80 W C. These cultures were identified at genus and species level by Hellenic Centre for Marine, Research Institute of Marine Biology, Biotechnology and Aquaculture (IMBBC), Heraklion, Crete, Greece. In brief, two primers, ITS1 (5 0 -TCCGTAGGTGAACCTGCGG-3 0 ) and ITS4 (5 0 -TCCTCCGCTTATTGATATGC-3 0 ), were used to amplify a 1 kb fragment of the D1/D2 domain of 26S rRNA according to Lopandic et al. () . 
Screening of manganese peroxidase strain activity
Yeast strains were isolated on GPYM agar, from a sample collected from the mixed liquor of a sequencing batch reactor (SBR) laboratory-scale system, treating a mixture of 10% v/v molasses wastewater in sewage. The yeast isolates were screened according to their growth rate and peroxidase activity on modified GPYM agar plates amended with different concentrations of SM solutions SAA, SGA, GAA and GGA (3,000, 4,000, 5,000, 6,000 and 7,000 mg/L) containing 0.1% phenol red (w/v). Optimum growth rate and peroxidase activity of the yeast isolates were justified by the change of the deep red color of the dye to light yellow. Decolorization of phenol red has been used as an indicator of peroxidase activity (Addleman et al. ). These isolates were then used in subsequent experiments at 5,000 and 15,000 mg/L synthetic SAA melanoidin in GPYM at 30 ± 2 W C. The particular strains were used to study the decolorization and COD reduction capacity at 5, 10, 15 and 20% v/v real melanoidins solutions in GPYM, with and without nutrients. The same experiments were conducted under non-aseptic condition, while experimental data were obtained from at least two replicates.
Inoculum preparation and decolorization studies
The inoculums were prepared in two steps. In the first stage, a pure culture was transferred to a 50 mL modified GPYM broth consisting of (w/v): 1.0% glucose, 0.3% peptone, 0.1% K 2 HPO 4 and 0.05% MgSO 4 •7H 2 O, incubated for 24 h in shaking flasks at 160 rpm, under aerobic condition at 30 ± 2 W C. Subsequently, the culture was transferred into shaking flasks containing SMs (3,000 mg/L) and the modified GPYM broth.
Decolorization experiments were carried out by the addition of yeast inoculums, with an initial optical density OD 590 ¼ 0.2-0.3, in 250 mL flasks containing 50 mL of modified GPYM broth and 5,000 or 15,000 mg/L GAA at pH 7.4; the flasks were placed in a shaking plate and stirred at 160 rpm and 30 ± 2 W C for 5 days. A separate set of noninoculated flasks were placed in the shaking plate and used as control.
A second set of experiments were carried out for the examination of decolorization capacity of the isolated cultures: four yeast strains were added to 50 mL of real melanoidin pigments of various concentrations (5, 10, 15 and 20% v/v) amended with yeast extract (0.1% w/v). The mixtures were then shaken at 160 rpm and 30 ± 2 W C for 5 days. Non-inoculated medium served as control sample. Samples were withdrawn from each flask at 24 h intervals for the measurement of decolorization rate and COD reduction, according to standard methods of analysis (APHA ). Each sample was subjected to centrifugation (10,000 ×g for 10 min), followed by analysis of the supernatant. Sample color due to melanoidins was determined by the measurement of absorbance at a range of wavelengths from 400 to 800 nm using a HELIOS Gamma UV-visible spectrophotometer (Thermo Electron Corporation). The cells obtained in the centrifugation solid residue pellet were re-suspended in 2 mL sterilized saline water solution (0.85% NaCl w/v) and their absorbance was measured at OD 590 nm correlated to the growth of the strains.
RESULTS AND DISCUSSION
Yeast isolation and screening of their manganese peroxidase activity
The aim of this study was the identification and growth of yeasts, indigenous in the biocommunity of an activated sludge system, that were able to reduce melanoidin content in molasses wastewater. Therefore, in the first stage of the work, efforts were taken for isolation of yeasts capable of SMs decolorization. Ten yeast cultures were screened according to their growth rate and peroxidase activity shown in GPYM agar plates, amended by various concentrations of SMs (from 3,000 to 7,000 mg/L) and the corresponding results are given in Table 1 . The yeast isolates, Y1 to Y10, were characterized according to morphological and cultural characteristics. An LSM 700 Zeiss microscope was used for the investigation of the morphological characteristics of the yeasts; as shown in Figure 1 , colonies of strains Y1 to Y10 were white, with smooth surface and regular edges.
The growth pattern of yeasts and their enzyme activity are represented by the corresponding symbols in Table 1 ; the number of symbols corresponded to the extent of the growth pattern and the enzyme activity. According to the data given in Table 1 , all strains could grown even at high SMs concentration, reaching up to 7,000 mg/L. The isolates showed increased growth rate and high peroxidase activity at SMs concentrations up to 5,000 mg/L as revealed by the change of the indicator color from deep orange to light yellow within 48 h of incubation at 30 W C.
However, among the 10 isolated yeast strains, only the four strains Y1, Y2, Y3 and Y4 showed a high growth rate and increased peroxidase activity under the entire range of concentrations of the SM solutions, i.e. GAA, GGA, SAA and SGA. On the other hand, yeast strains Y5 to Y10 showed only moderate growth rates at SMs concentrations from 5,000 to 7,000 mg/L, while negligible peroxidase activity was observed even after 4 days of incubation.
Phenol-red-amended GPYM agar plates were used as indicators of yeast peroxidase activity, by shifting the dye color from deep orange to light yellow. This change in color of phenol-red-amended GPYM agar medium was attributed to the oxidation of glucose by sugar SAA-MP 3,000 þþ *** þþ þ ** þþ *** þþ þ *** þþ * þþ ** þþ ** þþ ** þþ þ ** þþ * 4,000 þþ þ ** þþ þ ** þþ þ *** þþ þ *** þ þ þþ* þþ * þþ * þþ ** þ oxidase enzymes (Miyata et al. ) , leading to the production of hydrogen peroxide and media acidification, i.e. reduction of pH. The yeasts with the highest melanoidin decolorizing activity were selected for further analysis, aiming to optimize their ability towards molasses wastewater treatment. Among the 10 yeast isolates, Y1 isolate showed the highest growth rate and decolorization capacity. 28S rRNA analyses applied to the Y1 isolates revealed that this strain exhibited 98% homology to Candida glabrata.
COD degradation and decolourization studies of SAA, GAA and real melanoidins
The change of pH values during the decolorization of SAA and GAA SMs by the yeast isolates at 30 ± 2 W C, is shown in Figure 2 (a) and 2(b), respectively. For agar plates amended by SAA, pH values were slightly increased by the incubation time, and reached a maximum of 7.6 after 5 days of incubation. However, pH values after 1 day of incubation decreased to acidic levels, about 5, in the plates amended by GAA, while at longer reaction times, pH reached neutral values of about 6.8. The effect of pH on yeast development and the corresponding activities has been reported by several authors (Sirianuntapiboon et al. a; Kumar & Chandra ) . A particular yeast strain, isolated from specific fruit species, showed high decolorizing capacity for molasses wastewater at slightly acidic pH, about 6.0; however, decolorizing ability decreased at pH higher than 6.0 (Sirianuntapiboon et al. b) . Nevertheless, Yadav et al. () claimed that neutral pH values favored the decolorization capacity of specific bacteria owing to maximum melanoidin solubility at pH 7.0, while at alkaline or acidic pH reduced melanoidin bioavailability was observed. This shows that yeast activities are greatly affected by pH values, depending upon the type of melanoidin solutions and species, and the corresponding experimental conditions. COD reduction capacity of isolated yeast strains is shown in Figure 3 . As shown in Figure 3(a) , the growth of all yeasts strains on GPYM agar plates containing SAA SM resulted in a significant COD removal, exceeding 40% at the first day of incubation, and reaching up to 70% after 5 days. However, as shown in Figure 3(b) , the cultures grown in GPYM broth using real melanoidin wastewater at 30 W C showed a moderate COD reduction capacity, about 35-40%, within the first days of incubation and reaching up to 60% at longer times. The corresponding COD reduction capacity of yeast cultures in the presence of GAA SM is shown in Figure 4 . As shown in this figure, lower COD removal capacities were observed for GAA than SAA substrate, reaching up to 60%; this lower ability was attributed to the lower pH values of the samples. Nevertheless, the shift of pH to acidic values for GAA was associated with a corresponding reduction in melanoidin decolorization capacity. It is envisaged that pH reduction adversely affected the growth and decolorization ability of the strains and the associated manganese peroxidase enzyme activity. This result emphasized that the environmental factors like pH (7.0 ± 0.5) might play a vital role in the microbial degradation process, as the activity of enzymes is greatly influenced by the experimental conditions.
In addition, the strain cultures grown in synthetic (or even real) melanoidin substrate, without nutrients but amended with 0.1% w/v peptone, were able to reduce COD by about 55% without nutrient requirements in 2-5 days, as shown in Figure 5 . A similar behavior was observed under non-aseptic conditions (data not shown). After 3 days, the strains showed almost a constant COD reduction capacity. Therefore, the strains appeared to enhance both real and synthetic degradation under the absence of nutrients. Similar studies presented in the literature showed that, of 2,402 yeasts strains isolated from various sources, a strain identified as I. orientalis showed the highest potential for decolorization of anaerobic treated molasses wastewater with melanoidin pigment, at 30 W C and pH 5.0 (Tondee & Sirianutapiboon ; Tondee et al. ). In this study, the strains showed a maximum melanoidin degradation after 2 days of incubation. The OD at 590 nm wavelength, corresponding to yeast growth rate, was measured for the various cultures and the results observed during the degradation of SAA SMs and real melanoidins are presented in Figure 6 (a) and 6(b), respectively. As shown in Figure 6(a) , a significant increase of OD 590 for all yeasts was observed, reaching up to 1.6-1.8 after 2 days of incubation, corresponding to a high growth rate of yeasts. The increased yeast growth corresponded to the high degradation rate of SMs. However, optical densities in real melanoidin substrates were lower, reaching up to 0.5, justifying the assumption that real samples contain various inhibitors of strain growth. A similar trend was observed in all yeast cultures under non-aseptic conditions (data not shown). Potentially, the reduction of melanoidins could be attributed either to their degradation or to their adsorption on the yeast cells. It has been observed that yeasts could remove dyes through biosorption and biodegradation mechanisms (Wu et al. ) . In addition, Debaryomyces polymorphus and C. tropicalis yeasts were able to produce manganese-dependent peroxidase enzymes, decolorizing six azo dyes and one anthraquinone dye by co-metabolism (Yang et al. ) .
In addition to COD, sample absorbance was examined, aiming to determine the decolorization capacity of yeasts; a maximum absorbance value at a specific wavelength was not observed and therefore the absorbance spectrum was obtained at a wavelength range from 400 to 800 nm. It was concluded from the corresponding results that yeast cultures grown on GPYM agar using a SM solution showed a noticeable decolorization removal efficiency, reaching up to 30-40% within 2 days. However, according to COD reduction rate data, cultures grown on real melanoidin samples showed a lower color reduction capacity of about 25-30% within 2 days. Nevertheless, a slightly lower decolorization rate was observed under aseptic or nutrientfree conditions. CONCLUSIONS Ten yeast strains were cultured in this work, isolated from the mixed liquor of an activated sludge reactor treating molasses wastewater. From these cultures, four yeasts, Y1 to Y4, were selected for further studies, according to their decolorization activity on a solid agar medium. The Y1 strain exhibited almost 98% homology to Candida glabrata yeast, based on 28S rRNA identification. All the selected yeasts were incubated on GPYM broth amended by synthetic and real melanoidin solutions, at 30 W C, and the corresponding COD reduction and decolorizing capacities were measured. A significant COD reduction capacity of all strains was observed within 2 to 5 days of incubation, resulting in about 70% COD removal rate. Nevertheless, lower COD reduction rates were observed by the yeast cultures grown on real melanoidin samples, reaching up to 60%, indicating that real melanoidins might contain other compounds inhibiting the growth of the strains. Nevertheless, the corresponding strains were 
